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This  paper  reports  on  integration  of  a  supported  thin  film  catalyst  as  a  reformer,  consisting  of  nano-scale 
ruthenium  particles  well  dispersed  in  the  ceria  matrix,  into  the  anode  chamber  of  a  ceria-electrolyte  solid 
oxide  fuel  cells  (SOFCs).  Operation  on  the  propane-air  fuel  mixture  yields  maximum  power  densities  of 
395  mW  cm-2,  280  mW cm-2  and  1 60  mW  cm-2  at  500,  450  and  400  °C,  respectively.  In  comparison,  the 
output  power  densities  drop  to  298  mW  cm-2  at  500  °C  and  <10  mW  cm-2  at  450  °C  in  the  absence  of  the 
catalyst  layer.  The  substantially  enhanced  performance  can  be  explained  by  the  high  catalytic  activity 
of  the  Ru-Ce02  layer  for  propane  partial  oxidation  reactions,  producing  higher  amount  of  hydrogen 
available  for  the  fuel  cell  operation  and  thereby  reducing  the  anodic  polarization  resistance. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  solid  oxide  fuel  cell  (SOFC)  is  an  electrochemical  device 
for  energetically  efficient  and  environmentally  clean  conver¬ 
sion  of  fuels  into  electricity.  The  present  state-of-the-art  SOFCs 
consist  of  thin  yttrium-stabilized  zirconia  (YSZ)  electrolytes  sup¬ 
ported  on  Ni-YSZ  anode  substrates,  and  usually  operate  at 
temperatures  T>700°C  [1].  Compared  with  low  temperature 
polymer-electrolyte-membrane  (PEM)  fuel  cells,  SOFCs  display  dis¬ 
tinctive  features  including  high  temperature  operation,  high  energy 
efficiency  as  well  as  great  adaptability  to  varieties  of  hydrocarbon 
fuels.  However,  direct  use  of  hydrocarbon  fuels  in  SOFCs  usually 
result  in  the  anode  deactivation  due  to  coking  formation  at  elevated 
temperatures,  especially  for  nickel  cermet  anodes  [2].  While  signif¬ 
icant  advances  have  been  made  in  alternative  anode  materials  that 
are  resistant  to  coking  and  show  promise  for  stable  operation  with 
hydrocarbon  fuels,  they  are  usually  less  electrochemically  active 
than  nickel  cermet  anodes  and  thus  typically  produce  substantially 
lower  power  densities  [3-7].  An  effective  approach  utilizing  the 
nickel  cermet  anodes  for  hydrocarbon  fueled  SOFCs  is  to  internally 
reform  hydrocarbons  [8-11].  As  an  example,  internal  partial  oxi¬ 
dation  of  propane  has  been  demonstrated  in  thin  YSZ-electrolyte 
SOFCs,  yielding  power  densities  of  700mWcnrr2  at  790  °C  and 
380  mW  cm-2  at  690  °C  [8]. 
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Reduction  in  the  SOFC  operating  temperature  down  to 
400-600  °C  has  been  actively  undertaken  due  to  additional 
important  advantages  such  as  reduced  materials  cost,  improved 
component  durability  and  easier  gas  sealing.  Anode-supported 
SOFCs  with  thin  electrolytes  of  doped  ceria  have  shown  great 
promise  for  maintaining  high  power  densities  at  such  low  tem¬ 
peratures,  e.g.,  lOOOmWcnrr2  and  400mWcnrr2  when  operated 
on  humidified  hydrogen  at  600  °C  and  500  °C  [12,13],  respec¬ 
tively.  In  the  meanwhile,  hydrocarbon  reforming  reactions  become 
increasingly  difficult  with  decreasing  temperatures,  thereby  limit¬ 
ing  power  output  for  internal  reforming  low-temperature  SOFCs, 
especially  for  T<  500  °C  [14].  Taking  internal  methane  reform¬ 
ing  SOFCs  as  an  example,  the  power  output  could  be  as  high  as 
350mWcnrr2  at  550  °C,  but  became  negligibly  small  at  450  °C. 
Upon  integration  of  a  Ce02  catalyst  layer  on  the  anode  surface,  the 
power  density  at  450 °C  increased  rapidly  to  llOmWcnrr2  [14]. 
Hibino  et  al.  reported  internal  partial  oxidation  of  propane  in  single¬ 
chamber  SOFCs,  yielding  power  densities  of 240  mW  cm-2  at  550  °C 
[15].  Prior  report  showed  that  the  Ru-Ce02  catalyst  layer  can  cat¬ 
alyze  propane  partial  oxidation  at  temperatures  down  to  400  °C  [9]. 
Coating  of  such  a  Ru-Ce02  catalyst  layer  on  the  nickel  anode  sur¬ 
face  allowed  thermally  self-sustaining  operation  of  single-chamber 
SOFCs  in  propane-air  fuel  mixtures,  yielding  maximum  power  den¬ 
sities  of  ^240mWcnrr2  at  550  °C  [16].  Nonetheless,  high  space 
velocity,  as  required  to  prevent  fuel  turbulence  between  the  elec¬ 
trodes  and  thus  achieve  high  power  densities,  substantially  reduces 
the  fuel  utilization  and  thereby  the  efficiency.  The  present  work 
was  undertaken  with  the  aim  of  developing  high  power  density 
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low-temperature  SOFCs  operating  on  propane  for  portable  and 
transportation  applications  such  as  small  power  generators  or  aux¬ 
iliary  power  units.  To  enable  efficient  propane  oxidation  at  reduced 
temperatures,  a  separate  Ru-Ce02  catalyst  layer  supported  on  a 
porous  ceramic  disc  was  integrated  adjacent  to  the  nickel  cermet 
anode. 


2.  Experimental 

The  low-temperature  SOFCs  were  fabricated  using  the  standard 
ceramic  processing  procedure  as  described  elsewhere  [17].  Anode 
powders  of  NiO  and  SDC  in  a  weight  ratio  of  60:40  were  ball-milled 
for  20  h  with  ethanol  as  the  medium,  then  1 0%  starch  was  added  and 
ball-milled  for  4  h.  The  powders  were  dried  at  80  °C,  screened  with 
a  120-mesh  sieve  and  pressed  into  pellets.  After  firing  at  800  °C  for 
4  h,  12-p>m  thick  NiO-SDC  anode  active  layers  and  6-p>m  thick  thin 
SDC  electrolyte  layers  were  colloidally  coated  on  the  NiO-SDC  sup¬ 
ports.  The  supports  and  the  deposited  layers  were  then  co-fired  at 
1350  °C  for  4  h  to  density  the  electrolyte  thin  films.  Cathode  active 
layers  consisted  of  La0.6Sr0.4Co0.2 Fe0.s 03  (LSCF)  mixed  with  30  wt.% 
SDC,  fired  at  1100°C  for  4h.  A  second  current  collecting  layer  of 
pure  LSCF  was  then  applied  and  fired  at  1 100  °C  for  4  h.  The  diam¬ 
eter  of  the  final  fuel  cells  was  ^1.4  cm  with  a  thickness  of  0.6  mm. 
The  porosity  of  the  anode  support  was  approximately  35%  before 
reduction. 

The  catalyst  was  prepared  on  porous  discs  consisting  of  par¬ 
tially  stabilized  zirconia  (PSZ)  and  Ce02,  chosen  primarily  because 
they  are  inert  to  coking  formation  in  hydrocarbon  fuels.  PSZ  and 
Ce02  powders  in  a  weight  ratio  of  50:50  were  ball-milled  with 
starch  filler  to  introduce  a  substantial  porosity,  pressed  into  pel¬ 
lets  of  ^0.3  mm  thick,  and  fired  at  1400  °C  for  6  h,  after  which  they 
had  a  porosity  of  ^45%.  Ru02  and  Ce02  powders  in  a  weight  ratio 
of  1:10  were  combined  in  a  colloidal  suspension  with  ethanol  as 
the  solvent,  deposited  on  both  sides  of  the  PSZ-Ce02,  and  fired  at 
900  °C  for  4  h  to  form  thin  catalyst  layers.  The  microstructure  of  the 
catalyst  layers  was  examined  using  SEM  (JSM6390LV,  JEOL). 

Single  SOFCs  were  tested  using  a  four-probe  method  in  a  tube 
furnace  at  temperatures  from  350 °C  to  600 °C.  The  anode  sides 
of  the  cells  were  sealed  to  alumina  tubes  using  a  silver  paste.  Ag 
current  collectors  were  painted  in  grids  on  the  anode  and  cathode 
surfaces.  In  many  cases  the  PSZ-Ce02  supported  Ru-Ce02  cata¬ 
lysts  were  positioned  directly  against  the  SOFC  anodes.  Since  the 
thick  insulating  catalyst  layer  prevented  current  collection  through 
the  anode  surface,  current  was  collected  at  the  side  of  the  anode, 
as  previously  illustrated  [17].  Ambient  air  was  maintained  on  the 
cathode  side.  At  the  start  of  each  test,  humidified  hydrogen  was 
flowed  through  the  anode  compartment  with  the  cell  at  ^500  °C  for 
^1 2  h,  by  which  time  the  anode  was  reduced  to  Ni-SDC.  After  base¬ 
line  testing  in  humidified  hydrogen,  test  was  done  in  a  fuel  mixture 
of  10.7%  propane-89.3%  air  which  showed  negligible  kinetic  ten¬ 
dency  for  coking  formation  at  elevated  temperatures  even  though 
coking  was  thermodynamically  favourable  [8].  I-V curves  and  elec¬ 
trochemical  impedance  spectra  (EIS)  were  obtained  using  an  IM6 
Electrochemical  Workstation  (ZAHNER,  Germany).  The  frequency 
range  for  impedance  measurement  was  0.1  Hz-100  kHz. 


3.  Results  and  discussion 

Shown  in  Fig.  la  is  the  fracture  cross-sectional  SEM  micrograph 
of  a  typical  catalyst  layer  after  the  fuel  cell  testing.  Ru02  was  in  situ 
reduced  to  metallic  Ru  when  exposed  to  hydrogen,  as  confirmed 
by  X-ray  diffraction  patterns  before  and  after  fuel  cell  testing.  The 
PSZ-Ce02  support  exhibited  a  high  porosity  of  ^45%  with  pore 
sizes  typically  between  2  and  10p>m,  as  designed  to  reduce  gas 
transport  resistance.  The  Ru-Ce02  catalyst  layer  was  ^30  p,m  thick 


Fig.  1.  SEM  microstructure  of  the  Ru-Ce02  catalyst  layer  supported  on  the  porous 
PSZ-Ce02  substrate  taken  after  fuel  cell  testing:  (a)  fracture  cross-sectional  image 
and  (b)  surface  image. 


with  an  estimated  porosity  of  30%.  Note  that  firing  the  catalyst 
layer  at  900 °C  yielded  a  much  finer  microstructure  than  for  the 
PSZ-Ce02  support  fired  at  1400 °C.  Fig.  lb,  a  higher  magnification 
surface  SEM  image  of  the  catalyst  layer,  showed  that  Ru  particles 
were  homogeneously  dispersed  in  the  porous  Ce02  matrix,  where 
the  distinct  white,  gray  and  black  region  corresponded  to  the  Ru, 
Ce02,  and  pore  phases,  respectively.  The  average  particle  size  for 
Ru  was  approximately  350  nm,  and  the  mean  pore  size  was  around 
300  nm. 

Prior  reports  have  shown  that  the  Ru-Ce02  catalyst  layer  can 
provide  stable  catalytic  activity  for  hydrocarbon  reforming  reac¬ 
tions  to  maintain  stable  fuel  cell  operation  [9,16-18].  Typical 
polarization  curves  of  the  voltage  V  and  power  density  P  vs.  current 
density  J  obtained  at  500  °C  from  two  types  of  fuel  cells,  one  inte¬ 
grated  with  an  adjacent  Ru-Ce02  catalyst  layer  as  a  fuel  reformer 
and  one  without,  are  shown  in  Fig.  2a.  Comparison  of  the  J-V  curves 
suggests  that  the  thin  Ru-Ce02  catalyst  layer  is  highly  effective 
in  enhancing  the  fuel  cell  performance.  In  particular,  the  fuel  cell 
integrated  with  a  Ru-Ce02  catalyst  layer  delivered  a  maximum 
power  density  of  395mWcnrr2,  while,  in  the  absence  of  a  cat¬ 
alyst  layer,  the  maximum  power  density  dropped  by  25%  down 
to  298mWcnrr2.  Note  that  the  open  circuit  voltage  (\70c)  values, 
^0.87  V  for  both  types  of  fuel  cells,  were  substantially  lower  than 
the  thermodynamically  value  of  1 .0  V  [9],  which  is  usually  ascribed 
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Fig.  2.  Comparison  of  (a)  voltage  and  power  density  vs.  current  density  curves 
and  (b)  Nyqusit  plots  of  electrochemical  impedance  spectroscopy  for  the 
cell,  Ni-SDC|SDC|LSCF-SDC,  LSCF  with  and  without  a  separate  catalyst  layer, 
Ru-Ce02  |PSZ-Ce02  |Ru-Ce02,  tested  at  500  °C  with  50  seem  1 0.7%  propane  balanced 
by  air  in  the  anode  and  ambient  air  in  the  cathode. 

to  the  leakage  current  through  the  ceria  electrolyte  resulting  from 
the  inherent  mixed  conductivity  [17,18].  These  low  OCV  values 
were  unlikely  caused  by  gas  leakage  through  the  thin  electrolyte 
or  the  seal.  In  fact,  the  SDC  electrolyte  was  fully  dense  since  the 
permeability  measurement  of  the  as-fired  cells  yielded  a  leak  rate 
of  <1.6  x  10-18  m2  that  is  sufficiently  low  as  a  gas-tight  layer  [1]. 
Gas  leakage  through  the  seal  is  also  minor  since  the  YSZ-electrolyte 
SOFCs  sealed  in  the  same  manner  gave  OCVs  only  40-70  mV  below 
the  thermodynamically  predicted  values  [8]. 

The  J-V  curves  in  Fig.  2a  were  fairly  linear  at  low  current  densi¬ 
ties,  but  the  resistance  increased  sharply  at  high  current  densities. 
For  comparison,  the  J-V  curves  in  humidified  hydrogen  fuels  were 
nearly  linear  over  a  wide  current  range,  and  the  presence  of  a  sepa¬ 
rate  catalyst  layer  had  no  obvious  influence  on  the  cell  performance 
with  maximum  power  densities  of  ^1100  mW cm-2  at  600  °C  and 
^500mWcnrr2  at  500  °C  as  previously  reported  [17],  indicating 
that  the  porosities  of  the  PSZ-Ce02  support  and  the  deposited  thin 
Ru-Ce02  layers  were  reasonably  high  to  ensure  quick  transport  of 
H2  into,  and  H20  out  of,  the  Ni-SDC  anode.  The  limiting  current 
behaviour  for  propane-air  fuel  mixtures  can  be  mainly  attributed 
to  the  relatively  dilute  hydrogen,  typically  <20%  H2,  produced  by 
the  propane  partial  oxidation  reactions  [8,9]. 

Fig.  2b  compares  electrochemical  impedance  spectra  obtained 
at  open  circuits  from  fuel  cells  integrated  with  and  without  a 
Ru-Ce02  catalyst  layer.  The  pure  ohmic  resistance,  correspond¬ 
ing  to  the  high-frequency  real-axis  intercept  (R0),  was  nearly 
unchanged  and  ^0.13  £2  cm2,  slightly  lower  than  the  calculated 
value  of  0.18  Q.  cm2  based  upon  the  conductivity  of  SDC  at  500  °C 
(0.0033  S  cm-1 )  [  1 9]  and  the  thickness  of  the  SDC  electrolyte  layer 
in  the  present  fuel  cells  (6  p>m).  This  difference  can  be  attributed 
to  increased  electronic  conductivity  of  SDC  electrolytes  exposed 


Fig.  3.  Voltage  and  power  density  vs.  current  density  curves  for  the  cell, 
Ni-SDC|SDC|LSCF-SDC,  LSCF  integrated  with  a  separate  catalyst  layer, 
Ru-Ce02|PSZ-Ce02|Ru-Ce02,  tested  with  50  seem  10.7%  propane  balanced  by  air 
in  the  anode  and  ambient  air  in  the  cathode  at  different  setpoint  temperatures. 

to  reducing  atmosphere  in  the  anode.  Notably,  integration  of  a 
separate  catalyst  layer  as  a  fuel  reformer  remarkably  reduced  the 
interfacial  polarization  resistance  (Rp)  value,  0.46  vs.  0.85  £2  cm2, 
as  determined  from  the  high  and  low-frequency  real-axis  inter¬ 
cepts  (denoted  as  R0  and  Rif  respectively).  Prior  studies  suggest  that 
the  anodic  reaction  for  internal  reforming  SOFCs  is  mainly  dom¬ 
inated  by  electrochemical  oxidation  of  hydrogen  produced  from 
the  reforming  process,  specifically  from  propane  partial  oxidation 
in  the  present  studies.  Since  the  cathodic  polarization  resistance 
should  be  about  the  same  for  both  types  of  fuel  cells  with  similar 
cathodes,  the  large  drop  in  Rp  can  be  explained  by  the  altered  anodic 
behaviour  in  the  presence  of  the  Ru-Ce02  catalyst  layer,  exhibit¬ 
ing  enhanced  partial  oxidation  of  propane  and  producing  higher 
hydrogen  content  in  the  anode  chamber. 

Fig.  3  shows  performance  of  the  fuel  cell  integrated  with 
a  Ru-Ce02  catalyst  layer  operating  on  propane-air  fuel  mix¬ 
tures  at  even  lower  temperatures.  Power  densities  of  practical 
interest  can  still  be  achieved  at  temperatures  as  low  as  400  °C 
despite  a  substantial  decrease  in  the  fuel  cell  performance  with 
decreasing  temperature.  Maximum  power  densities  measured 
were  280  mW  cm-2  at  450  °C  and  1 60  mW  cm-2  at  400  °C.  Further 
reduction  in  the  operating  temperature  down  to  350  °C  resulted  in 
a  much  lower  open  circuit  voltage  value  of  0.82  V,  opposite  to  a 
thermodynamic  predicted  increase  with  decreasing  temperature, 
and  a  smaller  maximum  power  density  of  40  mW  cm-2,  indicative 
of  substantially  reduced  catalysis  of  Ru-Ce02  for  propane  par¬ 
tial  oxidation  reactions.  Nonetheless,  these  power  densities  were 
comparable  to  those  previously  obtained  in  humidified  hydro¬ 
gen  at  similar  temperatures  [12].  In  contrast,  power  densities  for 
the  fuel  cell  without  a  Ru-Ce02  catalyst  layer,  operating  on  the 
same  propane-air  fuel  mixtures,  dropped  to  a  negligibly  small 
value  of  <10mWcnrr2  for  T<450°C.  These  results  suggest  that 
the  Ru-Ce02  catalyst  layer  is  highly  effective  to  promote  propane 
partial  oxidation  reactions  and  thereby  improve  the  electrical 
performance  for  thin  ceria-electrolyte  SOFCs,  especially  at  lower 
temperatures. 

Electrochemical  oxidation  of  fuels  occurs  within  an  electro- 
chemically  active  zone  in  the  anode  that  is  1 0-20  p>m  away  from  the 
dense  electrolyte.  Integration  of  a  separate  catalyst  layer  in  the  fuel 
cell  might  alter  chemistry  and  electrochemistry  in  the  anode  due  to 
enhanced  heterogeneous  catalysis  as  well  as  increased  resistance 
for  transport  of  fuels  toward  the  catalytically  active  Ni-SDC  layer 
and  for  transport  of  electrochemically  formed  products  such  as 
H20  and  C02  away  from  the  electrochemically  active  zone  toward 
the  fuel  compartment.  Note  that  the  cathodic  polarization  and 


X.  Liu  etal./  Journal  of  Power  Sources  199  (2012)  138-141 


141 


Fig.  4.  The  anodic  overpotential  difference  vs.  current  density  at  different  temper¬ 
atures  for  the  cell  operating  on  propane-air  fuel  mixtures  with  and  without  the 
Ru-Ce02  catalyst  layer. 

the  ohmic  resistance  are  both  expected  to  be  independent  of  the 
fuel  produced,  with  or  without  an  additional  catalyst  layer,  from 
propane  partial  oxidation.  As  suggested  by  Uda  et  al.  [20],  sim¬ 
ply  comparing  the  J-V  curves  in  Fig.  2a  yielded  a  difference  in 
the  anodic  polarization  for  fuel  cells  integrated  with  and  with¬ 
out  a  Ru-Ce02  catalyst  layer,  i.e.,  Arja  =  Ni  -  ija,  Ru,  where  rjCt  Ru 
and  ija  Ni  are  the  anodic  polarizations  for  fuel  cells  integrated  with 
and  without  a  Ru-Ce02  catalyst  layer,  respectively.  Fig.  4  shows 
Aija  as  a  function  of  current  density.  Note  that  results  at  550 °C 
and  600  °C  were  also  included  for  comparison.  The  anodic  polariza¬ 
tion  at  500  °C  for  the  fuel  cell  integrated  with  a  Ru-Ce02  catalyst 
layer  is  smaller  than  without,  i.e.,  ija ,  ru  <  iJa,  no  consistent  with  the 
impedance  observations  in  Fig.  2b.  The  A rja  value  increased  gradu¬ 
ally  and  became  increasingly  large  for  J  >  0.7  A  cm-2  when  hydrogen 
was  electrochemically  oxidized  at  a  higher  rate  than  produced  via 
propane  partial  oxidation  reactions  under  the  catalysis  of  Ni-SDC 
anodes.  In  contrast  to  the  behaviour  at  500  °C,  the  anodic  polariza¬ 
tions  at  550  °C  and  600  °C  were  nearly  the  same  for  J<  0.5  A  cm-2, 
and  then  Tja ,  ru  became  increasingly  larger  than  ?7a  Ni.  Note  that  the 
anode  polarization  is  related  to  its  electrochemical  oxidation  and/or 
the  resistance  to  mass  transport.  Similar  anodic  polarizations  at 
low  current  densities  suggested  that  Ni-SDC  anodes  provided  rea¬ 
sonably  high  catalytic  activity  at  high  temperatures  for  propane 
partial  oxidation  reactions  to  produce  sufficient  amount  of  hydro¬ 
gen  for  the  subsequent  fuel  cell  operation.  On  the  other  hand, 
larger  anodic  polarizations  at  high  current  densities  for  the  fuel 
cell  integrated  with  a  catalyst  layer  than  without  indicates  that 
the  catalyst  layer  increased  hydrogen  diffusion  resistance  even 
though  the  former  had  a  higher  hydrogen  content  in  the  reformate 
than  the  latter  [8,9].  Power  output  for  the  fuel  cell  with  a  catalyst 
layer  was  therefore  limited  by  hydrogen  diffusion  at  high  temper¬ 
atures.  For  example,  maximum  power  densities  of  450mWcnrr2 
were  observed  at  550  °C  and  600  °C  as  well,  lower  than  the  respec¬ 
tive  values  of  500mWcrrr2  and  660mWcnrr2  for  the  fuel  cell 


without  a  catalyst  layer  operating  on  the  same  fuel  mixture  of 
10.7%  propane-89.3%  air. 

4.  Conclusions 

In  summary,  we  have  demonstrated  that  thin  film  catalysts,  con¬ 
sisting  of  nano-scale  ruthenium  particles  well  dispersed  in  the  ceria 
matrix,  enabled  impressively  high  power  densities  of  thin  ceria- 
electrolyte  SOFCs  at  low  temperatures  when  directly  operating  on 
the  propane-air  fuel  mixtures,  e.g.,  390mWcnrr2,  280mWcnrr2 
and  160mWcrrr2  at  500,  450  and  400  °C,  respectively.  The  suc¬ 
cess  of  the  catalyst  can  be  ascribed  to  its  high  catalytic  activity 
for  propane  partial  oxidation  reactions,  producing  hydrogen  for 
the  fuel  cell  operation.  Such  high  power  densities  at  low  tempera¬ 
tures,  combined  with  high  fuel  efficiencies  and  readily  availability 
of  propane  fuels,  would  make  the  integrated  design  highly  attrac¬ 
tive  for  portable  and  transportation  applications. 
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